Gram-negative bacteria are normally resistant to the antibiotic vancomycin (VAN), which cannot significantly penetrate the outer membrane. We used Escherichia coli mutants that are partially sensitive to VAN to study synergies between VAN and 10 other antibiotics representing six different functional categories. We detected strong synergies with VAN and nitrofurantoin (NTR) and with VAN and trimethoprim (TMP) and moderate synergies with other drugs, such as aminoglycosides. These synergies are powerful enough to show the activity of VAN against wild-type E. coli at concentrations of VAN as low as 6.25 g/ml. This suggests that a very small percentage of exogenous VAN does enter E. coli but normally has insignificant effects on growth inhibition or cell killing. We used the results of pairwise interactions with VAN V ancomycin (VAN) has proved to be an effective antibiotic against certain multidrug-resistant Gram-positive pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA). However, the large size of this glycopeptide precludes it from being useful against Gram-negative bacterial infections, since the outer membrane of Gram-negative bacteria acts as a barrier to its entry into the cell (1). Finding agents that act synergistically with VAN against Gram-negative bacteria would be valuable in treating infections caused by multidrug-resistant pathogens, such as carbapenem-resistant Klebsiella pneumoniae, a leading cause of hospitalacquired pneumonia in the United States (2). Certain mutants of Escherichia coli with gene knockouts that affect outer membrane assembly (surA [3] and smpA [4] mutants) display increased sensitivity to VAN. Recently, we have found that E. coli mutants lacking deoxycytidine deaminase (DCD) also are more sensitive to VAN than wild-type (WT) strains (5). In the work reported here, we have used surA and dcd mutants to study drug interactions between VAN and a series of antibiotics in E. coli. We detected strong synergies between VAN and nitrofurantoin (NTR) and between VAN and trimethoprim (TMP). We then tested different concentrations of each of these two antibiotics both alone and in combination with VAN in the wild-type background and demonstrated that wild-type cells are sensitized to relatively low concentrations of VAN in the presence of subinhibitory concentrations of either NTR or TMP. We discuss the possible implications of these results for combination drug therapy.
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ancomycin (VAN) has proved to be an effective antibiotic against certain multidrug-resistant Gram-positive pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA). However, the large size of this glycopeptide precludes it from being useful against Gram-negative bacterial infections, since the outer membrane of Gram-negative bacteria acts as a barrier to its entry into the cell (1) . Finding agents that act synergistically with VAN against Gram-negative bacteria would be valuable in treating infections caused by multidrug-resistant pathogens, such as carbapenem-resistant Klebsiella pneumoniae, a leading cause of hospitalacquired pneumonia in the United States (2) . Certain mutants of Escherichia coli with gene knockouts that affect outer membrane assembly (surA [3] and smpA [4] mutants) display increased sensitivity to VAN . Recently, we have found that E. coli mutants lacking deoxycytidine deaminase (DCD) also are more sensitive to VAN than wild-type (WT) strains (5) . In the work reported here, we have used surA and dcd mutants to study drug interactions between VAN and a series of antibiotics in E. coli. We detected strong synergies between VAN and nitrofurantoin (NTR) and between VAN and trimethoprim (TMP). We then tested different concentrations of each of these two antibiotics both alone and in combination with VAN in the wild-type background and demonstrated that wild-type cells are sensitized to relatively low concentrations of VAN in the presence of subinhibitory concentrations of either NTR or TMP. We discuss the possible implications of these results for combination drug therapy.
MATERIALS AND METHODS
E. coli strains. The DCD-deficient and SurA-deficient strains used here are from the Keio Collection, described by Baba et al. (6) , and were made from the starting strain BW25113 (7). This starting strain (lacI q rrnB T14 ⌬lacZ WJ16 hsdR514 ⌬araBAD AH33 ⌬rhaBAD LD78 ) is used as the WT in the experiments reported here, unless otherwise stated. BW25113 is closely related to MG1655, as both are derived from the strain W1485 background (6) . The dcd mutant and the surA mutant carry a complete deletion of the dcd gene and the surA gene, respectively, with a kan kanamycin resistance gene insert being used in place of the gene.
Media. The following media (8) were used: LB medium (10 g tryptone, 5 g yeast extract, 10 g NaCl per liter) and minimal medium [minimal A medium; 10.5 g K 2 HPO 4 , 4.5 g KH 2 PO 4 , 1 g (NH 4 ) 2 SO 4 , 0.5 g sodium citrate·2H 2 O]. For growth medium, minimal A medium is supplemented with 10 ml of 20% glucose, 1 ml of 1 M MgSO 4 , and 0.5 ml of 1% thiamine hydrochloride (vitamin B 1 ) per liter.
E. coli genetic methods. Unless otherwise stated, all genetic methods are as described by Miller (8) . The dcd mutant and the surA mutant were purified from single colonies from the Keio Collection. Experiments were started by inoculation of bacteria from a culture made from a single colony and stored in glycerol (8) at Ϫ80°C. A sample of the frozen glycerol culture was inoculated into LB medium and grown for 6 h in a water bath at 37°C before being used to seed overnight cultures with approximately 10 3 cells. This was achieved by inoculating 2-ml cultures with 50 l of a 10 Ϫ4 dilution of the overday culture. After 18 h incubation at 37°C on a rotor at 50 rpm, the optical density at 600 nm (OD 600 ) was measured. Graphs of these data display percent growth versus that in LB (see also reference 9).
Determination of single drug concentrations. Ten different antibiotics were selected as representations of six functional groups in terms of their killing mechanisms, as previously defined by Yeh et al. (9) . Over-night cultures containing a range of concentrations of a given antibiotic (usually from the reported MIC with 2-fold intervals) were seeded with approximately 10 3 cells by inoculating 2-ml cultures with 50 l of a 10
Ϫ4
dilution of the overday culture. After 18 h incubation at 37°C on a rotor at 50 rpm, the OD 600 was measured. Subinhibitory concentrations were typically chosen to be those that resulted in a 60% to 80% reduction in growth compared to the growth of the controls in LB medium only. Drug interaction assay. Cell cultures were prepared with the same method described above for the determination of single drug concentrations, using LB medium supplemented with vancomycin and a second antibiotic at subinhibitory concentrations. Bar graphs were used to compare the effects of the paired drugs with those of the corresponding single drugs at the same dose and with the effect of no treatment for the control grown in LB medium only.
Classification of drug interactions. Classifications of drug interactions are from previous work (9) . Additivity is defined as W xy ϭ W x W y , where W x is the proportion of growth relative to that for the control with no drug with drug X, W y is the proportion of growth with drug Y, and W xy is the proportion of growth with the drugs combined. For example, if drug X has a residual growth of 0.6 of that of the control with no drug and drug Y has a residual growth of 0.7, the additive expectation of the growth obtained with the two drugs together would be 0.42. There is a range around 0.42, for example, 0.43, that would still be considered additive. We discuss how to calculate this range below. Anything above this range would be antagonistic, and anything below this range would be synergistic. More formally, a deviation from additivity is defined by ε, which is calculated from the formulas below. Whenε falls within the range of Ϫ1 to Ϫ0.5, we classify it as synergistic; when ε is between Ϫ0.5 and 0.5, we classify it as additive; when εfalls between 0. 5 
Killing assay. Wild-type E. coli cultures were inoculated with approximately 1 ϫ 10 4 CFU/ml from a resuspension in MC buffer (0.1 M MgSO 4 , 0.005 M CaCl 2 ) stored at 4°C and placed into LB medium containing 100 g/ml of vancomycin, 0.15 g/ml of trimethoprim, the two drugs combined, and a control with LB medium only. Aliquots of the culture were removed at five time intervals (0, 2, 4, 6, and 8 h) of incubation on a rotor at 50 rpm, and dilutions were prepared as needed for determination of the titers. The numbers of viable cells were determined by colony counts on LB medium plates after 24 h of incubation at 37°C. The assay was performed in triplicate cultures and was repeated at least twice. The values represent means Ϯ standard deviations.
Antibiotics. Cefoxitin (FOX), chloramphenicol (CHL), ciprofloxacin (CPR), clindamycin (CLI), erythromycin (ERY), nitrofurantoin (NTR), streptomycin (STR), tetracycline (TET), tobramycin (TOB), trimethoprim (TMP), and vancomycin (VAN) were purchased from Sigma (St. Louis, MO).
RESULTS

Pairwise drug combinations.
We initially tested a set of 10 antibiotics with a subinhibitory concentration of VAN in each of two backgrounds, a dcd mutant and a surA mutant. Whereas the MIC for VAN for the wild type is 400 g/ml (Fig. 1) , under the conditions of the experiment (see Materials and Methods), the MIC for the dcd mutant was 50 g/ml and that for the surA mutant was 8 g/ml. We used 25 g/ml as a subinhibitory concentration for the dcd mutant and 2 g/ml as a subinhibitory concentration for the surA mutant. Table 1 lists the antibiotics used in this study and the concentrations used in the initial tests for synergy. They were determined by defining the concentrations which gave between 60% and 90% residual growth, allowing one to best observe synergistic interactions. The antibiotics were chosen as representatives of the basic families of antibiotics used in a prior study (9) . Figure 2 displays the results in the format employed by Yeh and coworkers (9) . The latter study characterized the interactions as additive, suppressive, antagonistic, and synergistic (see Materials and Methods for a fuller explanation). Here, percent residual growth versus growth in LB medium without antibiotic was plotted for each single antibiotic and for the pair of antibiotics. Synergistic effects are those that are significantly greater than simple additive effects. From  Fig. 2 , for the surA mutant background, we assigned merely additive effects (no synergy) to the combinations of VAN with CLI, ERY, FOX (which had no effect), and TET; weak synergies with VAN and CIP or Synergies in the wild-type background. The strengths of the synergies with VAN and NTR and with VAN and TMP suggest that the effects might be strong enough to be seen in the wild-type background. This was indeed the case, as Fig. 3 and 4 demonstrate. The degrees of synergy between different concentrations of VAN and NTR are displayed in Fig. 3 . As the concentration of VAN decreased, an increasing concentration of NTR was required for strong growth inhibition. Strong synergistic effects were seen with concentrations of VAN as low as 12.5 g/ml. The combination of VAN and TMP showed effects with VAN concentrations as low as 6.25 g/ml (Fig. 4) . 
Classification of vancomycin on the basis of pairwise interactions.
We applied the findings of Yeh et al. (9) to place VAN within the context of the groupings on the basis of their mechanisms of action (Fig. 5) . Vancomycin did not cluster into any of the existing groups monochromatically; that is, if vancomycin were placed in any existing group, there would have been some interactions that were synergistic, while the interactions with the other drugs were antagonistic, or vice versa. As a result, we placed vancomycin within its own group. The majority of the interaction network shown here was based on the wild-type strain E. coli MG1655 (9) , and the vancomycin growth experiments were conducted in surA or dcd mutant derivatives of the closely related strain BW25113 (see Materials and Methods). However, in these strains of E. coli (MG1655 and BW25113 surA or dcd), drug-drug interaction networks yielded very similar clustering, and in both cases, vancomycin was a distinct group by itself (data not shown).
DISCUSSION
The proliferation of multidrug-resistant bacteria is a major problem in public health. The challenge is to find new approaches to overcome antibiotic resistance and, particularly, antibiotic-resistant Gram-negative bacteria, whose outer membrane already precludes the use of many drugs that are effective against Grampositive pathogens. Thus, some investigators are focusing on natural products derived from nonconventional sources, such as plants (10, 11) , marine microorganisms (12), and insects (13) . Another strategy involves making new chemical derivatives of existing antibiotics, on the basis of the rational design of the compounds using information such as the three-dimensional structure of the antibiotic (14, 15) , or linking drugs to peptides that can pass through membranes to facilitate their entry into the cell (16) .
Combinatorial strategies for antibiotic use offer an expanded repertoire of drug therapies (17) . Of particular interest are potentiators of existing antibiotics, or codrugs, a number of which have been used in both laboratory (18) (19) (20) (21) (22) (23) and clinical (24) (25) (26) settings. Also, Collins and coworkers have demonstrated that specific metabolites can potentiate aminoglycosides acting on E. coli and Staphylococcus aureus biofilms (27) . One desired potentiator would sensitize Gram-negative bacteria to vancomycin (VAN), a glycopeptide antibiotic that blocks peptidoglycan polymerization by binding to the peptidyl-D-alanyl-D-alanine termini of peptidoglycan precursors (28) but that cannot penetrate the outer membrane (1, 29) . In this regard, Collins and coworkers have shown that silver sensitizes E. coli to a series of antibiotics, including VAN (30) , and Wink and coworkers have reported that EDTA potentiates the activity of the combination of VAN plus thymol (31) .
In the work reported here, we utilized mutant E. coli strains (dcd and surA mutants) that have increased sensitivity to VAN to study pairwise synergies between VAN and a set of antibiotics (Table 1) . We examined our results in the context of a previous, larger study of drug interactions in E. coli (9) . This previous study examined drug-drug interactions and classified them as synergistic, antagonistic, or additive (no interaction). The drugs can then be clustered on the basis of these drug interactions: all drugs in each group can interact only with all other groups either synergistically or antagonistically, but not both. (Additive interactions can be found between any of these groups.) As it turns out, these groups that are clustered on the basis of drug interactions with other groups also cluster according to mechanism of action: for example, all folic acid biosynthesis inhibitor drugs cluster in one group and all DNA synthesis inhibitors cluster in a different group. This means that we can use a simple, phenotypic assay to determine the mechanism of action of any drug. A drug that does not cluster into any of the known groups would end up clustering by itself in a new group, and such drugs would be candidates for drugs that have new mechanisms of action.
Placing our own current data in the context of data from this previous study, we show that VAN can be clustered by itself, in its own functional group, as depicted in Fig. 6 . This means that VAN likely has a mechanism of action different from that of all other drugs evaluated here (including the other drugs that affect cell wall synthesis) or it has multiple mechanisms of action. Upon closer inspection of our current data and previously published data, this is not surprising. For example, VAN and trimethoprim together are highly synergistic (Fig. 2 to 4) . When other cell wall synthesis inhibitors, such as penicillin and its derivatives, are combined with trimethoprim, the drugs exhibit highly antagonistic interactions (9) . Indeed, all the cell wall synthesis inhibitors tested in that study (ampicillin, piperacillin, and cefoxitin) exhibited highly antagonistic interactions with trimethoprim. Thus, this is good evidence to support the idea that VAN is operating within bacterial cells in a very fundamentally different way than other cell wall synthesis inhibitors, revealing a complexity of interaction patterns that ultimately have implications for understanding the mechanism of action of drugs.
It is understandable that SurA-deficient mutants have increased susceptibility to VAN (3, 4) , since outer membrane assembly is defective (3). However, the mechanism of increased sensitivity of DCD-deficient cells (5) is not as straightforward. One possibility is that a very small percentage of exogenous VAN does enter the cell (Fig. 1) and this can act synergistically with certain other processes. The mechanism of synergy is poorly understood, but an attractive possible mechanism of synergy also would explain why DCD-deficient cells are more susceptible to VAN. Cells starved for thymidine build up irreparable lesions (32) that ultimately result in thymineless death (33) . In DCD-deficient cells, thymidine is limiting, and this situation is exacerbated by the addition of cytidine (5) . Collins and coworkers have postulated that bactericidal antibiotics ultimately generate hydroxyl radicals that damage DNA, resulting in cell killing (34) . Several recent studies have challenged this idea (35) (36) (37) (38) , although these have been critiqued in a recent review (39) . Thus, if small amounts of VAN generate some DNA damage, that damage may be synergistic with the DNA damage caused by the partial thymineless state of DCDdeficient cells. This predicts that agents that directly damage DNA will show strong synergy with VAN, as will agents that starve the cell of thymidine, such as trimethoprim (TMP). From Fig. 2 , it is clear that the strongest synergies with VAN are seen with TMP and also with nitrofurantoin (NTR), an agent that directly damages DNA (40) . The respective synergies are strong enough that even in wild-type E. coli, concentrations of VAN as low as 12.5 g/ml can display an effect when used in combination with NTR (Fig. 4) . Moreover, concentrations of VAN of 12.5, 6.25, and even 3.13 g/ml can show effects when used in combination with TMP (Fig.  5) . Therefore, the hydroxyl radical route of cell killing defined by Collins and coworkers (34) would interact synergistically with other DNA lesions caused by certain agents or conditions. The use of combinations of approved drugs that are already in use does offer some advantages over screening for new potentiators, as combinations of approved drugs can be applied in a clinical setting with many fewer delays.
Ultimately, our study aimed to show how vancomycin can be used in conjunction with other drugs against Gram-negative bacteria. Our data also support the idea that vancomycin is operating in a manner that is fundamentally different from that of other cell wall synthesis inhibitor antibiotics. While our research is focused on understanding basic biological principles, there are potentially significant clinical issues that can addressed with further study on this topic. Importantly, there is a pressing need for new antibiotics, especially for Gram-negative bacteria, and our study suggests ways in which we can begin thinking about using vancomycin against such bacteria. ACKNOWLEDGMENTS C.B. was supported by an NIH CARE scholars fellowship. P.Y. was supported by the Hellman Fellows Fund and a UCLA Faculty Career Development Award.
FIG 6
Vancomycin does not cluster monochromatically with other known drug groups in E. coli. By clustering drugs according to how they interact with all other drugs (synergistic, antagonistic, or additive) and keeping all clusters interacting with each other as all synergistic/additive or antagonistic/additive, we can elucidate the underlying mechanism of action of the drug within a bacterial cell. Red lines, synergistic interactions; green lines, antagonistic interactions; solid line, data from a previous study (9) ; dashed lines, the types of interaction of vancomycin with these other drugs. In the surA strain, vancomycin clusters by itself in its own group. This result suggests that vancomycin either has a mechanism of action unique in comparison with that of other drugs or has multiple mechanisms of action.
